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Diabetic nephropathy ensues from events involving
earliest changes in the glomeruli and podocytes, fol-
lowed by accumulation of extracellular matrix in the
mesangium. Postulated mechanisms include roles for
vascular endothelial growth factor (VEGF), produced
by podocytes and contributing to enhanced excretion
of urinary albumin and recruitment/activation of in-
flammatory cells, and transforming growth factor-f3
(TGF-PB), elicited largely from mesangial cells and
driving production of extracellular matrix. RAGE, a
receptor for advanced glycation endproducts (AGEs)
and S100/calgranulins, displays enhanced expression
in podocytes of genetically diabetic db/db mice by age
13 weeks. RAGE-bearing podocytes express high lev-
els of VEGF by this time, in parallel with enhanced
recruitment of mononuclear phagocytes to the glo-
meruli; events prevented by blockade of RAGE. By age
27 weeks, soluble RAGE-treated db/db mice displayed
diminished albuminuria and glomerulosclerosis, and
improved renal function. Diabetic homozygous RAGE
null mice failed to develop significantly increased
mesangial matrix expansion or thickening of the glo-
merular basement membrane. We propose that acti-
vation of RAGE contributes to expression of VEGF and
enhanced attraction/activation of inflammatory cells
in the diabetic glomerulus, thereby setting the stage
for mesangial activation and TGF- production; pro-

cesses which converge to cause albuminuria and glo-
merulosclerosis. (Am_J Pathol 2003, 162:1123—-1137)

Diabetes is emerging as the leading cause of end-stage
renal failure and the requirement for chronic dialysis
throughout the world." The striking reduction in survival of
diabetic subjects on commencement of dialysis® sug-
gests that disruption of cellular homeostasis induced by
renal failure in diabetes may not be overcome by this
form of replacement therapy. Although the pathological
and pathophysiologic indices of diabetic nephropathy
are well-described, the precise molecular events that
lead to the development of hyperpermeability and leak-
age of albumin and other proteins into the urine, glomer-
ulosclerosis, and the decline in renal function are only
recently being uncovered. Multiple studies have impli-
cated activation of the transforming growth factor-8
(TGF-B) system in the pathogenesis of diabetic nephrop-
athy, based on the properties of TGF-B, as well as the
observation that levels of TGF-B mRNA and protein are
significantly increased in the glomeruli and tubulointersti-
tium in human diabetes and in animal models.>> Short-
term administration of anti-TGF-B antibodies to mice with
streptozotocin-induced diabetes suppressed enhanced
expression of genes encoding extracellular matrix mole-
cules and the development of glomerular hypertrophy.®
Indeed, previous studies have definitively linked TGF-g to
altered cellular properties that eventuate in diabetic renal
functional and pathological damage; long-term adminis-
tration of monoclonal anti-TGF-B antibody to genetically
diabetic db/db mice prevented the development of glo-
merular mesangial matrix expansion and renal insuffi-
ciency.” However, treatment with anti-TGF-8 antibody
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failed to prevent excess albuminuria. These observations
suggested that events distinct to activation of TGF-8 in
the diabetic kidney contributed to derangements in glo-
merular permeability and the development of proteinuria.

In this context, vascular endothelial growth factor
(VEGF) is up-regulated early in diabetes, specifically
within podocytes, cells importantly involved in mainte-
nance of glomerular basement membrane structure and
integrity.® In vivo, blockade of VEGF by administration of
neutralizing antibodies to diabetic rats abolished hyper-
filtration and partially suppressed increased urinary albu-
min excretion, without affecting control of hyperglyce-
mia.® Importantly, in addition to its effects on vascular
permeability, VEGF mediates recruitment/activation of
mononuclear phagocytes (MPs) in a receptor-dependent
fashion;'®'" indeed, increased numbers of mononuclear
inflammatory cells have been identified in the glomeruli in
early experimental diabetes,’®'® as well as in human
diabetic kidney.'*

Taken together, these studies suggested that activa-
tion of distinct VEGF and TGF-B axes may contribute
importantly to the functional and morphological alter-
ations that result in diabetic nephropathy. It was in this
context that we speculated a role for receptor for AGE
(RAGE). Expression of receptor for AGE (RAGE) is en-
hanced in human diabetic kidney. Specifically, in the
glomerulus, RAGE is expressed especially at the base of
podocytes, but not to an appreciable degree in mesan-
gium nor or in the endothelium.’™ RAGE, a multiligand
member of the immunoglobulin superfamily,’®'” en-
gages ligands implicated in diabetic complications and
inflammation, advanced glycation endproducts (AGEs),
and members of the S100/calgranulin family.'® Together
with these observations, and the emerging role for podo-
cyte activation in the pathogenesis of diabetic nephrop-
athy,’™"9-27 it was logical to test the hypothesis that
activation of RAGE contributed to increased excretion of
urinary albumin and attraction of MPs to diabetic glomer-
uli driven by enhanced expression of podocyte VEGF
and other chemoattractants at early times in diabetes,
and expansion of mesangial matrix driven by TGF-B;
events that intersect in the development of diabetes-
associated renal insufficiency. To test these concepts,
we used the insulin-resistant hyperglycemic db/db
mouse, in which diabetes is uniformly established by 8
weeks of age, and the age-dependent decline in renal
function and structural abnormalities of the kidney, par-
allel, at least in part, those observed in human diabetic
nephropathy.?®2° In addition, we performed studies in
homozygous RAGE null mice and strain-matched con-
trols.3° Diabetes was induced with streptozotocin (stz)
and the molecular mediators leading to glomerulosclero-
sis were examined after 12 weeks of diabetes.

Materials and Methods
Cell Culture

Murine podocytes were generously provided by Dr. Paul
Klotman (Mt. Sinai School of Medicine, New York, NY)

and cultured as described.®"®2 Undifferentiated cells
were grown on tissue culture dishes in RPMI 1640 con-
taining fetal bovine serum (10%), penicillin/streptomycin
(Invitrogen, Carlsbad, CA) and wy-interferon (10 units/ml;
Sigma, St. Louis, MO) maintained at 33° in the presence
of CO, (5%). To induce differentiation of the cells into
mature podocytes, cells were grown at 37°C on dishes
coated with type 1 collagen (0.2 mg/ml; Sigma) in the
same medium as above except that y-interferon was
omitted.

Animal Studies

All animal studies were conducted with the review and
approval of the Institutional Animal Care and Use Com-
mittee of Columbia University. Male db/db mice (catalog
no. 000642) and heterozygote lean non-diabetic mice
(catalog no. 100433) were obtained from the Jackson
Laboratories (Bar Harbor, ME) and housed in a standard
non-pathogen-free environment; water and chow diet
were provided ad libitum and mice were exposed to 12
hour light/dark cycles. At age 8 weeks, db/db mice were
divided into two groups. The first group received daily
intraperitoneal injections of sterile, endotoxin-free murine
soluble RAGE, 83334 50 g per day. The second group
received equal volumes of vehicle, sterile, endotoxin-free
phosphate-buffered saline (PBS), pH 7.4. Mice were sac-
rificed at age 13 weeks and 27 weeks. Non-diabetic m/db
mice were used as controls and treated either with vehi-
cle, PBS or murine sRAGE, 50 ug per day as indicated.
At sacrifice, body weight was assessed, and blood and
both kidneys were retrieved for analysis. In other studies,
male RAGE null mice (129/B6) were used. RAGE null
mice are viable and display normal reproductive fitness
(30; Liliensiek B, Weigand MA, Bierhaus A, Nicklas W,
Kaspar M, Hofer S, Plachky J, Grone HJ, Schmidt AM,
Yan SD, Martin E, Stern DM, Hammerling GJ, Nawroth PP,
Arnold B, manuscript in preparation). Controls included
male 129/B6 animals (Jackson Laboratories). Diabetes was
induced in control and RAGE null mice using stz, 65 mg/kg,
in citrate buffer for 5 consecutive days at age 8 weeks.3>
Control mice received vehicle, citrate buffer. Mice were
sacrificed after 12 weeks of diabetes (serum glucose =250
mg/dl on two separate occasions) or control state.

Analyses
Blood

At sacrifice, blood was obtained from the retro-orbital
sinus. Serum creatinine and blood glucose were deter-
mined by Analytics (Gaithersburg, MD). The percentage
of glycohemoglobin was determined on lysates prepared
from red blood cells using a kit from Wallac (Akron, OH)
according to the manufacturer’s protocol.

Urine

Twenty-four hour urine collections were obtained from
each animal using metabolic cages. Urine albumin and



creatinine and plasma creatinine were determined using
Albuwell M and creatinine assays from Exocell (Philadel-
phia, PA) according to the manufacturer’s instructions.
Creatinine clearance was determined by the following
formula: (urine creatinine in 24 hours) X (volume of urine
in 24 hours)/(serum creatinine). Results are expressed as
(ml/hour per 100 gram body weight).

Morphometry

Dissected kidneys were fixed in buffered formalin
(10%) overnight and then routinely processed for light
microscopy. Fixed paraffin-embedded tissues were cut
(3 um thick) and mounted on slides coated with 3-amin-
opropyltriethoxy silane (Sigma) followed by incubation at
37°C overnight. Light microscopic views after staining
with periodic acid Schiff (PAS) (Sigma) were scanned
into a computer and the quantification of areas of mes-
angial matrix and glomerulus was performed using a
Zeiss microscope and image analysis system (MediaCy-
bernetics). To calculate mesangial area, only nuclei-free
regions were included. Forty glomeruli from each animal
were selected at random on the stained sections (20 from
the outer region and 20 from the inner region). Thickness
of the glomerular basement membrane (GBM) was de-
termined using small pieces of kidney tissue fixed with
glutaraldehyde (2.5%) and processed for electron mi-
croscopy. Thickness of the GBM was measured in at
least five capillaries for each mouse/condition. Morphom-
etry was performed by investigators blinded to the exper-
imental protocol.

Immunohistochemistry

Polyclonal antibodies against RAGE,**** S100/cal-
granulins,'® and affinity-purified antibodies against CML-
modified adducts'® were used as previously described.
Antibodies to CML-adducts displayed weak immunore-
activity against carboxy(ethyl)lysine (CEL) adducts in
ELISA; however, the affinity of the antibody for CML-
adducts was >1000 times that for CEL-adducts in these
assays. Antibodies to VEGF (Zymed Labs, South San
Francisco, CA), monoclonal antibodies to synaptopodin
(reactive with the murine epitope) (Maine Biotechnology,
Portland, ME), and antibodies against murine Mac-3 (Sig-
ma) were used and immunostaining performed using kits
from Vector (Burlingame, CA). In each case, the immu-
noreaction was visualized using 3,3’-diaminobenzidine
(Sigma) and sections were lightly counterstained with
hematoxylin. In all cases, the respective nonimmune IgG
for each antibody was used at the same concentration as
the primary antibody; no specific immunostaining was
observed using nonimmune IgG (data not shown).

Immunoblotting

Snap-frozen kidney cortical tissue was homogenized
in PBS containing protease inhibitor mixture (Roche Mo-
lecular Biochemicals, Indianapolis, IN). Cultured podo-
cytes were washed three times in ice-cold PBS and har-

RAGE and Diabetic Nephropathy 1125
AJP April 2003, Vol. 162, No. 4

vested into lysis buffer (Tris-HCI, 0.05 mol/L (pH 8.0);
NaCl, 0.15 mol/L; Triton X, 1.0%; and PMSF, 0.0005 mol/
L). Protein concentrations were measured using the Bio-
Rad assay system (Bio-Rad Laboratories, Hercules, CA).
Equal amounts of protein were subjected to electrophore-
sis onto Tris-glycine gels (Invitrogen/Novex, Carlsbad,
CA) and the contents of the gels were transferred to
nitrocellulose membranes (Invitrogen/Novex). Immuno-
blotting was performed using rabbit anti-RAGE 1gG (5
wng/ml), rabbit anti-S100/calgranulin IgG (5 ng/ml), rabbit
anti-murine VEGF IgG (1 ng/ml; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), or goat anti-murine VCAM-1 1gG
(0.4 ug/ml; Santa Cruz Biotechnology). Horseradish per-
oxidase-conjugated goat anti-rabbit antibody (1:12,000
dilution) (Sigma) was used to identify the sites of primary
antibody binding. The enhanced chemiluminescence
(ECL) detection system (Amersham-Pharmacia Biotech,
Piscataway, NJ) was used to visualize the immunoreac-
tion. Quantitative analysis of the band density was per-
formed using ImageQuant (Molecular Dynamics, Foster
City, CA).

Northern Blotting

Northern blots were performed from RNA extracted
from renal cortices and hybridized with 32P-labeled
cDNA encoding murine transforming growth factor-g1
(cDNA was generously provided by Dr. F.N. Ziyadeh
(University of Pennsylvania)).® Total RNA was extracted
from snap-frozen tissues using Trizol Reagent (Invitro-
gen). Total RNA (30 ng) was electrophoresed onto an
agarose gel (1%), transferred onto a nylon membrane
(Schleicher & Schuell, Keene, NH) and cross-linked by
ultraviolet light. The cDNA probes were first labeled with
Redivue deoxycytidine-5"-[a->?P]triphosphate (~6000 ci/
mmol; Amersham Pharmacia Biotech) using random-
prime labeling cDNA kit (Stratagene, La Jolla, CA), and
the membrane was hybridized with the labeled cDNA
probe. After hybridization overnight at 68°C, the blots
were washed twice for 15 minutes in 2X standard saline
citrate (SSC) containing sodium dodecyl! sulphate (SDS)
(0.1%) at room temperature, followed by two washes for
15 minutes in SSC (0.1X) and SDS (0.1%) at 60°C. The
membranes were autoradiographed at —70°C for up to 5
days. The blots were stripped twice (total of 30 minutes)
at 100°C in SSC (0.1X) containing SDS (0.1%) and rehy-
bridized with cDNA fragment encoding B-actin. Quanti-
tative analysis of the band density was performed using
ImageQuant and levels of TGF-B1 were calculated rela-
tive to radioactivity measured for B-actin.

Statistical Analysis

The mean = SE (SE) of the mean is reported. Statistical
significance (defined as P < 0.05) was determined by
analysis of variance. Where indicated, post-hoc analysis
was used using Dunnett’s t-test using StatView 4.0 (Aba-
cus Concepts, Inc., Berkeley, CA). Results that did not
achieve statistical significance are designated in the fig-
ures as “NS.”
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Results

RAGE and lIts Ligands Are Expressed in Murine
Diabetic Kidney

In contrast to biological settings in which excess accu-
mulation of ligand is accompanied by diminished levels
of cellular receptors, expression of RAGE is enhanced in
diabetic tissues in a manner overlapping with that of
AGEs and S100/calgranulins, such as in atherosclerotic
lesions and infected periodontium.®*®>3* In human dia-
betic kidney, we previously demonstrated enhanced ex-
pression of RAGE in diabetic glomeruli, particularly within
podocytes, compared with age-matched euglycemic
controls.'® Consistent with the hypothesis that early acti-
vation of RAGE in diabetic kidney may modulate pro-
cesses involved in the development of nephropathy, re-
nal cortical tissue retrieved from the kidneys of db/db
mice at age 13 weeks displayed increased RAGE antigen
by immunoblotting compared with non-diabetic, m/db
mice, of the same age (Figure 1a; P < 0.05). Immunohis-
tochemistry revealed that the principal site of RAGE ex-
pression in the glomerulus of the db/db mouse was the
podocyte (Figure 1, b and c¢), as confirmed by co-local-
ization experiments using anti-synaptopodin IgG (data
not shown). In contrast, no appreciable staining for RAGE
epitopes was detected in mesangium or other cellular
structures within the glomerulus. To further demonstrate
that podocytes express RAGE, we studied the expres-
sion of podocyte RAGE in vitro, using a conditionally
immortalized murine podocyte cell line derived from a
transgenic mouse expressing a temperature-sensitive SV
40 large T antigen.®'32 Although RAGE antigen was de-
tectable in undifferentiated podocytes, differentiation of
these cells on incubation at 37°C in the absence of y-in-
terferon resulted in an ~4-fold increase in RAGE antigen
(Figure 1d; P < 0.05). Further, we assessed expression of
RAGE antigen in non-permeabilized differentiated cul-
tured podocytes by immunohistochemistry. Figure 1e de-
picts a single podocyte with arborized processes; RAGE
immunoreactivity was evident on the cell surface and
appeared to be largely localized to podocyte processes.
Although this localization in vitro does not indicate the
precise subcellular localization in vivo in the mature podo-
cytes of intact glomeruli, these findings demonstrate that
RAGE antigen is detectable by immunoblotting and im-
munohistochemistry in cultured podocytes.

These studies established that expression of RAGE
was increased in diabetic murine kidney, especially in the
podocyte. As activation of RAGE occurs on engagement
of its ligands, we sought to identify ligand expression and
accumulation in db/db kidney. AGEs are a heterogenous
class of structures. Recent studies suggested that a prin-
cipal and specific AGE found in vivo, carboxymethyl (ly-
sine) (CML) adducts of proteins/lipids,3*=3" are signal
transduction ligands of RAGE.3” Consistent with previous
observations in human diabetic nephropathy,®¢-8 immu-
nohistochemistry revealed increased accumulation of
CML-epitopes in db/db kidney, especially within the mes-
angium, glomerular basement membranes and vascular

structures compared with control, m/db mice at age 13
weeks (Figure 2, b and a, respectively).

RAGE also interacts with S100/calgranulins, members
of a family of proinflammatory cytokines. These mole-
cules are principally located intracellularly, in inflamma-
tory cells such as polymorphonuclear leukocytes, mono-
nuclear phagocytes and lymphocytes, and neuronal
cells.*29° However, on cellular activation, S100/calgranu-
lins may be released from these cells, thus freeing them
to engage cell surface receptors such as RAGE."® Im-
munoblotting of renal cortical tissue retrieved at age 13
weeks revealed an ~2.3-fold increase in expression of
S100/calgranulin antigen in db/db mice compared with
m/db controls (Figure 2c; P < 0.05). S100/calgranulin
antigens were principally expressed in inflammatory cells
infiltrating the glomerulus and interstitium in db/db mice
compared with non-diabetic m/db animals (Figure 2, f
and g, and 2, d and e, respectively). Co-localization
studies using anti-Mac 3 IgG indicated that these S100/
calgranulin-expressing cells were MPs (data not shown).

Taken together, these observations suggested that
RAGE and its ligands, AGEs (CML) and S100/calgranu-
lins, although detectable only at low levels in the absence
of diabetes, were present to enhanced degrees in the
kidney after 5 weeks of diabetes. As the principal site of
increased glomerular RAGE expression was in the podo-
cyte, we tested the hypothesis that engagement of RAGE
by AGEs and S100/calgranulins within the glomerulus
early in diabetes caused podocyte activation, thereby
triggering a series of events leading, ultimately, to altered
renal function and glomerulosclerosis. A first test was to
determine whether increased expression of VEGF, prin-
cipally expressed in the podocyte in diabetic kidney,?
was RAGE-dependent. To study this, m/db and db/db
mice were treated with murine soluble (s) RAGE, the
extracellular ligand-binding domain of the receptor which
acts as a decoy to intercept ligand and block access to
cell surface RAGE."®3%3* Mice received once daily in-
traperitoneal administration of murine sRAGE, 50 ug, or
equal volumes of vehicle, phosphate-buffered saline
(PBS). Treatment commenced at age 8 weeks, at which
time hyperglycemia was documented in all animals, and
was continued until the time of sacrifice. At age 13 weeks,
renal cortical tissue retrieved from db/db mice displayed
VEGF antigen by immunoblotting (Figure 3a). Consistent
with previous observations in experimental diabetes, the
principal site of VEGF expression in diabetic kidney was
the podocyte (Figure 3, b and c), as demonstrated by
studies using anti-synaptopodin IgG (Figure 3d). Impor-
tantly, treatment of db/db mice treated with sSRAGE from
age 8 to 13 weeks prevented the increase in expression
of VEGF antigen in the kidney at 13 weeks (Figure 3a; P <
0.01). However, treatment of m/db mice with sSRAGE had
no effect on levels of VEGF antigen (Figure 3e). We
extended these studies to cultured podocytes to deter-
mine whether activation of RAGE in these cells modu-
lated expression of VEGF. Compared to incubation with
irrelevant protein (IgG), incubation of differentiated podo-
cytes with S100B'® resulted in increased expression of
VEGF antigen; P < 0.05. That podocyte RAGE was im-
portantly involved in S100B-mediated effects was dem-
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Figure 1. Expression of RAGE antigen is enhanced in db/db kidney and localizes to the podocyte at age 13 weeks. a: Immunoblotting. Male control (m/db) and
diabetic (db/db) mice were studied. At age 8 weeks, db/db mice were treated once daily with murine sSRAGE (50 pg) by intraperitoneal route, or with equal
volumes of PBS. Mice were sacrificed at age 13 weeks and renal cortical tissue retrieved for SDS/PAGE and immunoblotting with rabbit anti-RAGE 1gG. The
approximate Mr of standard molecular weight markers is shown. * P < 0.05. b and c: Immunohistochemistry. Renal cortical tissue was subjected to
immunohistochemistry using anti-RAGE IgG. RAGE antigen was principally expressed in the podocyte as confirmed by co-localization using anti-synaptopodin
IgG (not shown). The illustrated immunostaining is representative of n = 5 mice/condition. Bar, 16 um. d and e: In vitro studies of podocyte RAGE. d:
Immunoblotting. Cultured murine podocytes were grown under conditions for propagation vs. differentiation. Cells were harvested and subjected to SDS/PAGE
and immunoblotting with anti-RAGE IgG. The approximate Mr of standard molecular weight markers is shown. *, P < 0.05. e: Immunohistochemistry. Cultured
murine podocytes, under differentiating conditions, were subjected to immunostaining with anti-RAGE IgG. Part e displays a single differentiated cultured murine
podocyte with arborized processes; RAGE antigen appears to be localized to the peripheral processes. In both a and d, representative bands from each condition
are shown; immunoblots from 7 = 3 mice or n = 3 experiments per condition were performed. Mean * SE of densitometric analysis is reported.

onstrated by suppression of VEGF expression in the In addition to modulation of permeability, VEGF medi-
presence of higher doses of either excess sRAGE (P < ates attraction/activation of MPs.'®'" Consistent with ear-
0.05) or anti-RAGE IgG (P < 0.05), but not by lower lier observations in experimental models and human
doses of excess sRAGE or anti-RAGE IgG, nor by non- diabetes, an ~6.5-fold increase in S100/calgranulin

immune 1gG; P > 0.05 (Figure 3f). expressing inflammatory cells per glomerulus was noted
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in db/db mice compared with controls (Figure 3g; P <
0.01). Immunostaining using anti-Mac 3 IgG confirmed
that MPs were the principal cells expressing S100/
calgranulin within the glomerulus (data not shown). That
RAGE was centrally involved in attracting increased num-
bers of inflammatory cells to the glomerulus was shown
by the significant attenuation in numbers of MPs infiltrat-
ing diabetic glomeruli from sRAGE-treated mice com-
pared with those mice receiving PBS (Figure 3g; P <
0.05). It was likely, however, that VEGF was not the sole
trigger in diabetic kidney mediating increased attraction
and infiltration of inflammatory cells. As previous studies
demonstrated that engagement of RAGE by AGE/CML
epitopes or S100/calgranulins resulted in increased ex-
pression of vascular cell adhesion molecule-1 (VCAM-
1),'84" we assessed levels of this proinflammatory adhe-
sion molecule in diabetic glomeruli. Immunoblotting
revealed that VCAM-1 epitopes in db/db mice treated
with sSRAGE were significantly lower than those levels
observed in vehicle-treated diabetic mice at age 13
weeks (Figure 3h; P < 0.01). In contrast, treatment of
control m/db mice with sSRAGE did not affect levels of
VCAM-1 antigen (data not shown). These observations
support the premise that early up-regulation of RAGE
contributes to enhanced influx of inflammatory cells in
diabetic kidney, as blockade of RAGE from the time of
initial development of hyperglycemia prevented these
phenomena. Importantly, in parallel with decreased ex-
pression of VEGF and VCAM-1 epitopes, and decreased
numbers of infiltrating MPs, levels of RAGE (Figure 1a;
P < 0.05) and S100/calgranulin antigens (Figure 2¢; P <
0.01) were decreased in renal cortical tissue retrieved
from sRAGE-treated db/db mice at age 13 weeks com-
pared with vehicle-treated controls. In contrast, treatment
of m/db mice with sRAGE did not result in decreased
levels of RAGE or S100/calgranulins in m/db animals vs.
those treated with PBS at age 13 weeks (data not shown).

These results suggested that blockade of RAGE in
db/db mice prevented enhanced expression of factors
capable of mediating, at least in part, glomerular hyper-
permeability and MP infiltration/activation. An important
test of these concepts, however, was the extent to which
long-term blockade of RAGE might impact on activation
of the TGF-B axis, a critical mediator of mesangial expan-
sion and glomerulosclerosis in diabetic kidney. To study
this, additional groups of db/db mice were treated once
daily with sRAGE, or vehicle, PBS, beginning at age 8
weeks and continued until age 27 weeks. In parallel with
decreased levels of RAGE (Figure 4a; P < 0.05) and
S100 calgranulin antigens (Figure 4b; P < 0.05) in renal
cortical tissue retrieved from sRAGE-treated db/db mice
compared with mice receiving PBS, increased expres-
sion of mMRNA encoding TGF-B1 was significantly sup-
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pressed in cortical tissue retrieved from sRAGE-treated
db/db mice at 27 weeks (Figure 4c; P < 0.01). We
performed PAS-staining of renal cortical tissue retrieved
from md/b and db/db animals; consistent with our obser-
vations regarding expression of TGF-B1, although glo-
merular and mesangial area, as well as mesangial matrix
fraction were significantly increased in db/db mice com-
pared with m/db animals (Figure 4, d, e, and f and Figure
4, h and g, respectively; P < 0.00001), those db/db mice
treated with sSRAGE displayed decreased glomerular and
mesangial area, in parallel with mesangial matrix fraction
compared with db/db mice treated with vehicle (Figure 4,
d, e, and f; and Figure 4, i and h, respectively; P <
0.00001). In addition, expression of VEGF antigen, al-
though increased in PBS-treated db/db mice compared
to m/db controls, was significantly suppressed in diabetic
mice treated with sRAGE; P < 0.05 (Figure 5a). PBS-
treated db/db mice displayed increased thickness of the
GBM compared with non-diabetic controls (Figure 5, b,
d, and c, respectively). Importantly, treatment of diabetic
mice with sRAGE prevented the increase in GBM thick-
ness at 27 weeks in db/db mice compared with mice
treated with vehicle, PBS (Figure 5, b, e, and d; P < 0.05).

Taken together, these observations suggested that
RAGE blockade in db/db mice suppressed enhanced
expression of factors driving hyperpermeability, MP infil-
tration/activation, and mesangial and GBM expansion.
The key test of these concepts, however, was whether
blockade of the receptor and these mediators was linked
to preservation of renal function. At age 27 weeks, in-
creased urinary albumin excretion observed in PBS-
treated db/db mice, 0.20 = 0.6 ng albumin/ug creatinine,
was largely prevented in the presence of sSRAGE, 0.11 =
0.3 ng albumin/ug creatinine (Figure 6a; P < 0.05). In-
deed, the amount of urinary albumin observed in db/db
mice treated with sSRAGE was not significantly different
from that seen in control m/db animals (0.08 = 0.01
albumin/ug creatinine) (Figure 6a; P > 0.05). Further-
more, although creatinine clearance was decreased in
PBS-treated db/db mice compared with control m/db
animals (3.03 + 0.47 vs. 6.75 + 0.31 ml/hour/100 X g
body weight, respectively; P < 0.001), significantly in-
creased creatinine clearance was observed in db/db
mice treated with sSRAGE (5.16 = 0.50 ml/hour/100 X g
body weight; P < 0.05 vs. db/db + PBS) (Figure 6b).
Importantly, the effects of RAGE blockade in db/db mice
were independent of changes in body weight, urine volume,
serum glucose, or glycosylated hemoglobin (Table 1).

To confirm a central role for RAGE in the diabetes-
associated nephropathy, we used homozygous RAGE
null mice.®*® Homozygous RAGE null mice are viable and
display normal fertility and lifespan. These mice provide a
means to test the effects of global deletion of RAGE on

Figure 2. Expression of CML epitopes and §100/calgranulins is enhanced in db/db kidney at age 13 weeks. a and b: Immunohistochemistry. Renal tissue from
m/db or db/db mice at age 13 weeks was subjected to immunohistochemistry using affinity-purified anti-CML IgG. Bar, 16 um. ¢: Immunoblotting. M/db and PBS-
vs. SRAGE-treated db/db mice were sacrificed at age 13 weeks and renal cortical tissue retrieved for SDS/PAGE and immunoblotting using rabbit anti-S100/
calgranulin IgG. The approximate Mr of standard molecular weight markers is shown. Representative bands from each condition are shown; immunoblots from
n = 3 mice per condition were performed. Densitometric analysis is indicated, and mean * SE is reported. *, P < 0.05; and **, P < 0.01. d—g: Immunohisto-
chemistry. Renal tissue from m/db or db/db mice was subjected to immunohistochemistry using anti-S100/calgranulin IgG. S100/calgranulins were principally
expressed in mononuclear phagocytes infiltrating the glomerulus/interstitium as confirmed by co-localization studies using anti-Mac 3 IgG (not shown). Bar; d
and f, 40 pm; and bar; e and g, 16 um. In a, b, d, e, f, and g, immunostaining is representative of 7 = 7 mice/condition.
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the molecular mediators underlying the pathogenesis of
diabetic nephropathy. RAGE null mice (129/B6) and
strain-matched controls were rendered diabetic with
streptozotocin or treated with vehicle. Mice displaying
serum glucose =250 mg/dl were studied; >95% of RAGE
null mice and strain-matched controls became diabetic.
Mice were sacrificed after 12 weeks of diabetes to iden-
tify the early effects of RAGE deletion in the diabetic
kidney. Although diabetic strain-matched controls dis-
played an ~1.6-fold increase in kidney/body weight ratio
(P < 0.00001) compared to their non-diabetic littermates
after 12 weeks of diabetes, no significant increase in this
parameter was evident in diabetic RAGE null mice vs.
euglycemic mice lacking RAGE; P > 0.05 (Figure 7).Con-
sistent with our earlier studies using sRAGE in db/db
mice, diabetic RAGE null mice failed to demonstrate
increased VEGF antigen in the kidney cortex compared
to non-diabetic mice of the same genotype; P > 0.05
(Figure 7b). In contrast, strain-matched control mice dis-
played an ~1.9-fold increase in VEGF antigen after 12
weeks of diabetes compared to non-diabetic strain-
matched controls; P < 0.05 (Figure 7b).

Northern blot studies revealed that diabetic strain-
matched controls displayed an ~1.5-fold increase in
mMRNA for TGF-B1 in the cortex of the kidney compared to
non-diabetic controls after 12 weeks; P < 0.01 (Figure
7¢). Levels of TGF-B1 mRNA were not significantly differ-
ent, however, in diabetic vs. euglycemic RAGE null mice;
P > 0.05 (Figure 7c). Consistent with these observations,
although diabetic strain-matched controls (n = 13) dem-
onstrated an ~18% increase in glomerular area, and an
~61% increase in mesangial area compared to non-
diabetic controls (n = 14); P < 0.001, diabetic RAGE null
mice (n = 9) displayed an ~5% increase in glomerular
area, and a —6% change in mesangial area compared to
non-diabetic RAGE null animals (n = 8); P > 0.05.

Furthermore, after 12 weeks of diabetes in wild-type
mice (n = 4), GBM thickness was increased 14% com-
pared to non-diabetic controls (n = 4); P < 0.01. In
contrast, induction of diabetes in RAGE null mice (n = 4)
resulted in a ~3% increase in GBM thickness compared
to non-diabetic mice lacking RAGE (n = 4); P > 0.05.
Importantly, mean levels of blood glucose in diabetic
RAGE null mice and diabetic strain-matched controls
were not significantly different. Mean levels of blood glu-
cose at sacrifice in diabetic RAGE null vs. diabetic strain-
matched controls were 441.4 = 139.9 and 473.0 = 76.7
mg/dl, respectively; P > 0.05. Similarly, mean levels of
blood glucose did not differ between citrate-treated non-
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diabetic RAGE null and control mice; 106.7 *+ 20.8 and
96.2 = 18.1 mg/dl, respectively; P > 0.05.

Discussion

The observation by Ziyadeh and colleagues’ that long-
term treatment of db/db mice with blocking antibody to
TGF-B suppressed excess matrix gene expression, glo-
merular mesangial matrix expansion, and prevented the
development of renal insufficiency in the absence of sig-
nificant modulation of albuminuria suggests that axes
distinct from TGF-B and its receptors may contribute to
the events leading to diabetes-associated renal disease.
Here, we propose that hyperglycemia triggers AGE-me-
diated enhanced expression of podocyte VEGF via
RAGE, thereby providing a stimulus for the development
of hyperpermeability, as well as attraction of inflammatory
cells such as MPs to the glomerulus. We propose that
ligands of RAGE, as well as products of activated inflam-
matory cells, such as low molecular weight cytokines and
growth factors, may be driven across the glomerular
capillary wall by outwardly directed filtration forces, facil-
itating their interaction with podocytes, thereby promot-
ing increased GBM synthesis and altered glomerular
permselectivity. Previous studies indicated that AGEs
mediated increased expression of VEGF in both in vitro
and in vivo analyses.*?*° In the present experiments, we
have shown that incubation of RAGE-bearing cultured
murine podocytes with a prototypic RAGE ligand resulted
in increased expression of VEGF, in a manner sup-
pressed by sRAGE or blocking antibodies to the recep-
tor. Indeed, in their study, Ziyadeh and colleagues’ found
that in db/db mice treated with blocking antibody to
TGF-B, levels of VEGF mRNA in the kidney were only
slightly decreased, supporting the concept that distinct
effector axes may regulate enhanced expression of this
permeability and chemoattractant factor. Together with
RAGE-mediated increased expression of VCAM-1, as
well, perhaps, as other chemoattractant molecules, we
propose that enhanced attraction/activation of MPs
drives the generation of a number of toxic and growth-
promoting substances such as proteolytic enzymes, cy-
tokines, reactive oxygen species (ROS), cyclooxygenase
and lipoxygenase products, platelet activating factors,
and growth factors, that may activate the mesangium,
thereby leading to further damage of glomerular structure
and impingement on renal function.*®4” Figure 8 illus-
trates a proposed scheme by which hyperglycemia-me-

Figure 3. Expression of VEGF and VCAM-1 antigens is enhanced in db/db kidney at age 13 weeks: prevention by blockade of RAGE. a, e, and h: Immunoblotting.
Control m/db and db/db mice were sacrificed at age 13 weeks and renal cortical tissue retrieved for SDS/PAGE and immunoblotting using anti-murine VEGF 1gG
(a and e) or anti-murine VCAM-1 IgG (h). The approximate Mr of standard molecular weight markers is shown. Representative bands from each condition are
shown; immunoblots from 7 = 3 mice per condition were performed. Densitometric analysis is indicated, and mean * SE is reported. **, P < 0.01. b—d:
Immunohistochemistry. Renal cortical tissue from db/db mice was subjected to immunohistochemistry using anti-murine VEGF IgG. VEGF antigen (b and ¢) was
specifically expressed in the podocytes as confirmed by co-localization using anti-synaptopodin IgG (d). The illustrated immunostaining is representative of 7 =
3 mice/condition. Bar: b, 40 um; ¢ and d, 15 wm. f: Cultured podocytes. Differentiated cultured murine podocytes were exposed to irrelevant IgG or S100B (15
pg/mb) for 6 hours. Where indicated, S100B was preincubated with molar excesses of SRAGE (20- or onefold) for 2 hours, or podocytes were preincubated with
anti-RAGE IgG or nonimmune IgG (70 or 0.7 ug/mlD) for 2 hours before addition of S100B. Cells were lysed and SDS/PAGE and immunoblotting performed using
anti-VEGF IgG. The approximate Mr of standard molecular weight markers is shown. These experiments were performed at least three times; *, P < 0.05. g:
Immunohistochemistry and quantification of infiltrating inflammatory cells. The mean number of S100/calgranulin-expressing inflammatory cells + SE infiltrating
the glomeruli in randomly chosen 30 glomeruli per condition (72 = 3 to 4 mice/condition) is reported. Co-localization studies using anti-Mac 3 IgG indicated that

the infiltrating cells were MPs (not shown). *, P < 0.05; and **, P < 0.01.
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Figure 4. Expression of RAGE and $100/calgranulin antigens, and mRNA for TGF-B1 is enhanced in db/db kidney at age 27 weeks: suppression by blockade of
RAGE. a and b: Immunoblotting. Renal cortical tissue was retrieved from m/db or PBS- vs. SRAGE-treated db/db mice at age 27 weeks. SDS/PAGE and
immunoblotting were performed using rabbit anti-RAGE IgG (a) or anti-S100/calgranulin IgG (b). The approximate Mr of standard molecular weight markers is
shown. Representative bands from each condition are shown; in a, immunoblots from 7 = 6 mice per condition were performed, and in b, 7 = 3 mice/condition
were used. Densitometric analysis is indicated, and mean * SE is reported. *, P < 0.05, and **; P < 0.01. ¢: Northern blotting. At age 27 weeks, renal cortical
tissue was retrieved from the indicated mice and Northern blotting using labeled probes to either TGF-B1 or B-actin performed. Representative bands from
n = 3 mice per condition are shown. Densitometric analysis is indicated, and mean * SE is reported. **, P < 0.01. d—i: Morphometric analysis. Glomeruli
were examined from PAS-stained sections (g, h, and i) and morphometric analysis performed for glomerular area (d), mesangial area (e), and mesangial
matrix fraction (f). Numbers of mice per condition were: 3 m/db, 5 db/db + PBS, and 4 db/db + sRAGE. Mean * SE is reported. ****, P < 0.0001. In g,
a representative PAS-stained section from a non-diabetic m/db mouse is shown; in h and i, representative PAS-stained sections from db/db mice treated
with PBS vs. sRAGE, respectively, is displayed. Note that PAS-positive material in PBS-treated db/db mice exceeds that seen in m/db mice and in

sRAGE-treated db/db animals of the same age. Bar, 25 um.

diated generation of AGEs leads to up-regulation and alternate hypothesis; lIglesias-De La Cruz and col-
activation of podocyte RAGE; processes linked to en- leagues®® reported that differentiated cultured podocytes
hanced expression of VEGF and its consequences for grown in the presence of either high levels of glucose (25
permeability as well as MP attraction/activation. mmol/L) or TGF-B1 (2.0 ng/ml) resulted in increased ex-

In this context, it is important to note that recent studies pression of a1 and &5(IV) collagen and VEGF. These

in cultured murine podocytes suggest a complementary/ observations underscore the concept that sustained hy-
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perglycemia may contribute to mechanisms by which
podocyte perturbation contributes to diabetic nephropa-
thy. In vivo, however, the complexity of the interplay of the
TGF-B/VEGF axes is demonstrated by the observation
that despite blockade of the TGF-B axis in db/db mice
using blocking monoclonal antibodies, levels of mRNA
for VEGF were only slightly decreased,” thus suggesting
that at least in part, up-regulation of VEGF may be inde-
pendent of the action of TGF-B.

Evidence suggests that, once set in motion, the inex-
orable increase in proteinuria in diabetes itself is a potent
trigger for ongoing glomerular damage and renal dys-
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Figure 6. Renal function is diminished in db/db mice at 27 weeks: preven-
tion by blockade of RAGE. At age 27 weeks, mice were placed in metabolic
cages and urine/serum collected. Albuminuria (a) and creatinine clearance
(b) were determined. In both a and b, 7 = 5 mice/condition. The mean *
SE is reported. *, P < 0.05, **, P < 0.01, and **, P < 0.001.
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Table 1. Characteristics of m/db and db/db Mice: Age 27 Weeks
m/db db/db (PBS) db/db (sRAGE)
Body weight (gm) 29.3 £ 0.3 (6) 59.5 = 0.8* (7) 58.4 = 0.7* (7)

Serum/Red blood cell
Serum creatinine (mg/dl)
Serum glucose (mg/dl)
Glycosylated hemoglobin (%)
Urine
Urine volume (ml)

0.5 + 0.04
5.6+ 0.3 (

0.6 + 0.1 (5)

(5
1782 + 124 (5
3)

0.6 (5) 0.4 + 0.04" (5)
623.8 + 79.0% (5) 447.2 + 96.98% (5)
9.6 + 1.0%(3) 9.4 + 0.9%(3)
1.2 +0.25(5) 1.2 +0.25(5)

At age 8 weeks, db/db mice were treated with either sSRAGE (50 ng/day) or vehicle (PBS). At age 27 weeks, control m/db, db/db (vehicle) and
sRAGE-treated db/db mice were assessed for body weight and the following indices in serum, red blood cells and urine. Values are expressed as
mean =+ SE. (The number of mice studied per condition is indicated in parentheses after each value).

*, p < 0.001 vs. m/db mice.

T, p < 0.05 vs. PBS-treated db/db mice.
* p < 0.01 vs. m/db mice.

§ p < 0.05 vs. m/db mice.

function, as enhanced exposure of tubular cells to urinary
protein has been linked to activation of NF-kB, as well as
increased expression of chemokines such as RANTES
and monocyte chemoattractant protein-1 (MCP-1).49-52
Although these processes are likely mediated, at least in
part via TGF-B, our findings suggest that earlier in the
events that typify diabetic nephropathy, activation of
RAGE sets the stage for both excess albuminuria as well
as glomerulosclerosis and renal insufficiency.
Supportive of an important role for RAGE in induction
of pathways leading to tubulointerstitital sclerosis in the
diabetic kidney is the recent observation that AGEs me-
diated epithelial-myofibroblast transdifferentiation via
RAGE in cultured renal proximal tubular epithelial cells.®3
In addition, Yamamoto and colleagues®* prepared trans-
genic mice expressing full-length RAGE in endothelial
cells (and to some extent in mononuclear phagocytes) to
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Figure 7. Diabetic RAGE null mice do not display increased VEGF antigen or
mRNA for TGF-B in the renal cortex. a: Kidney weight. Diabetes (or control)
was induced in RAGE null mice (129/B6) and strain-matched controls. The
numbers of mice used for these studies were as follows: 8 RAGE null
(without diabetes), 9 RAGE null (with diabetes), 14 strain-matched control
(without diabetes), and 13 strain-matched control (with diabetes). After 12
weeks of diabetes, mice were sacrificed. Kidney weight/body weight ratio is
reported. **** P < 0.00001. b: VEGF antigen. At sacrifice, renal cortical tissue
was prepared from the indicated mice and immunoblotting performed using
anti-VEGF IgG. *, P < 0.05. ¢: Northern blotting. Renal cortical tissue was
prepared from RAGE null mice and strain-matched controls using labeled
probes to TGF-B or B-actin; *, P < 0.05 and **, P < 0.01. In b and c,
representative bands from 7 = 3 mice per condition are shown. Densito-
metric analysis is indicated, and mean * SE is reported.

show that when bred with a diabetes-susceptible strain,
albuminuria and glomerulosclerosis ensued. Although
specific molecular indices of permeability and fibrosis
were not examined in the latter study, these observations,
together with the present findings, suggest key roles for
RAGE in the development of albuminuria and glomerulo-
sclerosis and highlight new insights into early and global
mechanisms underlying scarring of the renal cortex in
diabetes. Indeed, the recent observation that long-term
treatment of normotensive subjects with type 1 diabetes
and albuminuria with inhibitors of angiotensin converting
enzyme inhibitors or nifedipine did not prevent disease
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Figure 8. Hypothetical schema of consequences of podocyte RAGE activa-
tion in the pathogenesis of diabetic nephropathy. We hypothesize that in
hyperglycemia, accelerated generation of ligands of RAGE, AGEs, and S100/
calgranulins, leads to up-regulation of podocyte RAGE; an important conse-
quence of which is increased expression/activity of VEGF. Increased VEGF
activity leads to both hyperpermeability and proteinuria, as well as attraction
and activation of MP within the diabetic glomerulus. In addition, engagement
of podocyte RAGE by its ligands further leads to increased expression of
VCAM-1. We propose that increased expression of VEGF and VCAM-1 leads
to increased migration and activation of MPs within the glomerulus. Activated
MP may then release a range of mediators and species linked to mesangial
activation; a critical consequence of which is enhanced generation of TGF-,
culminating in glomerular sclerosis. In addition, activated MP may release
further S100/calgranulins, thereby setting up a chronic cascade of ligand
up-regulation and receptor activation. Taken together, we propose that
RAGE-mediated proteinuria and glomerular sclerosis contribute to diabetes-
associated renal dysfunction.



progression, in terms of renal structure, albuminuria, or
decline in glomerular filtration rate,®® suggests that fun-
damental elements of cellular activation that portend ad-
vancement of disease are set in motion long before the
appearance of albuminuria.®®5”

Together with our findings in db/db mice, in which
blockade of RAGE was accomplished using soluble re-
ceptor, our studies in RAGE null mice support an impor-
tant role for this molecule in the pathogenesis of diabetic
nephropathy. Diabetic RAGE null animals did not display
increased expression of VEGF or TGF-B in the renal
cortex. Studies to assess the effects of deletion of RAGE
on renal function will be best accomplished by breeding
RAGE null animals into the db/db background. These
studies, although underway, will require extended peri-
ods of time to generate animals sufficiently back-crossed
for accurate interpretation of the results. In addition, a limi-
tation of our studies in RAGE null mice is that we did not
distinguish the specific cellular contributions of RAGE-bear-
ing macrophages or podocytes (or, perhaps, other cell
types) in these processes. Studies are underway to gener-
ate transgenic mice bearing dominant-negative RAGE 837
selectively in cells of mononuclear phagocyte lineage, or in
podocytes. As RAGE is primarily expressed by the podo-
cyte in diabetic glomeruli, it will be especially critical to
generate the latter group of mice to rigorously test these
hypotheses. Thus, in comparison to the studies of
Yamamoto,>* targeted expression of RAGE mutants in cells
endogenously expressing the receptor in human/murine
diabetes (podocytes and MPs) should mimic as closely as
possible the naturally occurring setting.

Lastly, important roles for activation of podocytes in
other forms of nephropathy have been suggested. For
example, in rats with experimentally induced passive
Heymann nephritis (PHN) and proteinuria in the glomer-
ulus, podocytes selectively expressed cytochrome bgsg,
an essential component of an NADPH-oxidoreductase
enzymatic complex. In PHN, podocytes undergo an oxi-
dative respiratory burst with release of ROS into GBMs.
These events were linked to the development of protein-
uria,®® as treatment with scavengers of ROS assuaged
the development of proteinuria.®*¢° These observations
have striking parallels to the biology of RAGE. Engage-
ment of RAGE activates NADPH oxidase species in en-
dothelial cells and MPs, thereby triggering signal trans-
duction mechanisms such as p21@°, erk 1/2 MAP
kinases, and NF-«B in an oxidant-sensitive manner.®'~¢3
It is possible that the podocyte is not an innocent by-
stander amid distinct derangements in the diabetic glo-
merulus, but, rather, a key inciting participant, at least in
part driven by its enhanced expression of RAGE in a
ligand-enriched environment, in the events that lead to
scarring and failure of the kidney in diabetes.
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